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Using in vitro androgenesis serves as a unique opportunity to produce doubled haploid (DH) plants in 
many species. More benefits of this biological phenomenon have kept these methods in the focus of 
fundamental research and crop breeding for decades. In common wheat (Triticum aestivum L.), in vitro 
anther culture is one of the most frequently applied DH plant production methods. The efficiency of in 
vitro wheat anther culture is influenced by many factors, such as the genotype, growing conditions, 
collection time, pre-treatments, and compositions of media and culture conditions. According to some 
critical review, the genotype dependency, low efficiency and albinism are mentioned as limitations of 
application of the anther culture method. However, some research groups have made significant efforts 
to diminish the effects of these bottlenecks. Due to the improvements, a well-established in vitro anther 
culture method can be an efficient tool in modern wheat breeding programs. 
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INTRODUCTION 
 
Conventional cross-breeding programs have been dominant in wheat breeding up to now. Modern 
biotechnological methods seek opportunities to enhance the efficiency of selection and accelerate the 
breeding process. In vitro androgenesis (anther culture and isolated microspore culture) and distant 
crosses belong to these methods. In anther- and isolated microspore culture, the re-programmed 
microspores can produce genetically homozygous doubled haploid (DH) plants after spontaneous or 
induced duplication of the haploid chromosome number. The present review highlights the in vitro anther 
culture from the viewpoint of bread wheat (Triticum aestivum L.) breeding. 
Anther culture has many advantages for breeding and research programs in crop plants. One of the 
most important benefits is production of homozygous lines within one generation. The rapid propagation 
of DH lines can be combined with selection to get inbred lines and accelerate the breeding of new 
varieties. The DH plant production methods offer an opportunity for quick selection of the recessive 
alleles. Furthermore, the in vitro anther culture can be combined with other value added methods such 
as marker assisted selection (MAS), QTL analyses, genetic transformation or induced mutation to 
achieve the desired goals of breeding and research (Chauhan and Khurana, 2011; Wessels and Botes, 
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2014; Barakat et al., 2017; Ren et al., 2017; Song et al., 2017; Shchukina et al., 2018; Tyrka et al., 2018; 
Shi et al., 2019; Testillano, 2019; Wajdzik et al., 2019; Bilichak et al., 2020). 
At the beginning of wheat in vitro haploid research, the anther culture-derived wheat plantlets were 
published by three research groups in 1973 (Ouyang et al., 1973; Picard and De Buyser, 1973; Wang et 
al., 1973). After many significant improvements, the first DH variety (‘Jinghua No-1’) was released by 
Chinese researchers (Hu et al., 1986), which was followed by some European varieties in a short time, 
such as ‘Florin’ (De Buyser et al., 1987)  and ‘GK Délibáb’ (Pauk et al., 1995). In the last two decades, 
the DH breeding based on anther culture has remained in the focus of some wheat breeding programs, 
and a number of DH varieties were released and mentioned in scientific publications, for example ‘SV 
Agaton’ (Tuvesson et al., 2003), ‘McKenzi’ (Graf et al., 2003) or ‘AC Andrew’ (Sadasivaiah et al., 
2004), ‘Huapei 8’ (Ming-hui et al., 2011), ‘Kharoba’ (Elhaddoury et al., 2012) and ‘GK Déva’ (Pauk et 
al., 2020). Moreover, the DH plant production methods can also play a key role in hybrid wheat breeding 
programs (Longin et al., 2014). 
Despite these promising results, several publications informed about bottlenecks (genotype 
dependency, albinism, low efficiency of green plant production) in connection with anther cultures (Li 
et al., 2013; Zhao et al., 2015, 2017; Wessels and Botes, 2014; Weigt et al., 2016; Orlowska et al., 2020). 
However, many efforts and improvements have been made by different research groups to diminish the 
effects of these factors and enhance the efficiency of green plantlets production in wheat anther culture. 
 
 
FACTORS INFLUENCING EFFICIENCY OF ANTHER CULTURE 
 
The efficiency of in vitro wheat anther culture is influenced by many factors, such as the genotype, 
growing conditions, collection time, pre-treatments of the donor materials, compositions of induction 
and regeneration media and culture conditions. The complex of these factors determines the efficiency 
of in vitro anther culture. 
 
GENOTYPE DEPENDENCY 
The genotype dependency has been known since the beginning of in vitro androgenesis research in wheat. 
The inheritance of responsibility is determined dominantly by additive effects of the chromosome region 
(Lazar et al., 1984; Agache et al., 1989; Szakács et al., 1988; Tuvesson et al., 1989), but non-additive 
effects and cytoplasmic effects were also observed and confirmed in anther culture (Lazar et al., 1984; 
Agache et al., 1989; Ekiz and Konzak, 1991a, 1991b; Orlov et al., 1999). In the cited articles, many 
genotypes were already screened for androgenic responses. These experiments were carried out not only 
on the model genotypes but also on practically important breeding materials.  
Some high responsive genotypes (for example ‘Chris’, ‘Pavon’, ‘Svilena’) were identified and have 
become the favorite test genotypes in in vitro androgenesis research (Lazar et al., 1984; Lantos et al., 
2013; Castillo et al., 2015; Nielsen et al., 2015; Seifert et al., 2016). Some other genotypes are mentioned 
as low responsive genotypes (‘Berengar’, ‘Walter’, ‘Caramba’) in anther culture (Torp et al., 2001, 
Lantos et al., 2013; Castillo et al., 2015). The high- and low responsive genotypes can be used for 
improvements of well-established protocols to decrease genotype dependency and the effect of 
genotype×treatment interactions. However, the efficient application of protocols should be proved in 
modern breeding programs. 
Some publications reported the effect of heterosis and additive genes in anther culture of wheat 
(Lazar et al., 1984; Deaton et al., 1987; Agache et al., 1989; Tuvesson et al., 2000, 2003; Lantos et al., 
2019), which can be useful from the viewpoint of practical breeding. The application of responsive 
genotypes (at least one green plantlet/spike) for crossing can increase the number of produced DH lines 
in practical breeding programs (Tuvesson et al., 2000, 2003). However, we should get information about 
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the responsibility of parental lines before the crossing, which can prolong the process of DH breeding. 
Furthermore, the low responsibility of the desired parental lines can decrease the number of suitable 
combinations and delay the achievement of the breeding goals. Generally, application of segregating 
breeding materials can increase the number of DH lines produced in a well-established in vitro system 
(anther- or isolated microspore culture).  
Many chromosomes (1A, 1B, 1D, 2D, 5B, 7A, 7B, 7D) and QTLs (1B, 2AL, 2BL, 5BL, 7B) which 
influence the embryo formation and plant regeneration of in vitro anther- and isolated microspore culture 
have been reported (Szakács et al., 1988; Agache et al., 1989; Kaleikau, 1989; Galiba et al., 1986; Ghaemi 
et al., 1995; Torp et al., 2001; Nielsen et al., 2015). However, the application of these QTLs have not 
become widespread in the breeding programs up to now, except for Zhao et al. (2015) who suggested 
this approach for wheat breeding . In their research and breeding program, they focused on the selection 
of promising breeding lines with high anther culture ability. Generally, integration of these QTLs in the 
breeding lines is not the main goal of wheat breeders. Moreover, it can be a risk because of unknown 
side effects of QTLs in breeding programs.   
The methodological improvements remained the best approach to accelerate the breeding process 
using in vitro anther culture. In these experiments, the main goals are the improvement of green plantlets 
production, reduction of the number of albinos and genotype dependency. 
 
GROWING CONDITIONS  
The quality of donor plants is one of the most important critical factors that influence the efficiency of 
in vitro androgenesis in anther culture. The healthy (grown under ideal growing condition) donor plants, 
tillers and spikes are the first important factors in the implementation of the large-scale DH plant 
production. Two frequently applied possibilities (a, controlled conditions in a greenhouse and phytotron 
chamber; b, field conditions in breeding nursery) exist for breeders and researchers in this context. 
Controlled light and temperature conditions (greenhouse, phytotron chamber) offer a good chance 
for growing donor plants during the whole year (Ghaemi et al., 1995; Torp et al., 2001; Pauk et al., 2003; 
Tuvesson et al., 2000, 2003; Soriano et al., 2007, 2008; Broughton, 2008, 2011; Redha and Suleman, 
2011; Brew-Appiah et al., 2013; Sanchez-Diaz et al., 2013; Castillo et al., 2015; Rubtsova et al., 2013; 
Nielsen et al., 2015; Seifert et al., 2016; Barakat et al., 2017; Sen, 2017; Coelho et al., 2018; Wang et al., 
2019; Orlowska et al., 2020; Broughton et al., 2020). The optimized conditions (temperature, light and 
humidity) can provide healthy donor plants. The winter type genotypes require a vernalization period (6-
8 weeks at 3-4°C) after germination. Generally, the donor plants are grown at approximately 18-21/12-
15°C (day/night) with 12-18 h photoperiod and 70-80% humidity (Soriano et al., 2007, 2008; Sanchez-
Diaz et al., 2013; Castillo et al., 2015; Coelho et al., 2018; Wang et al., 2019; Broughton et al., 2020). 
Furthermore, the donor plants are regularly nourished with a fertilizer solution. The donor materials 
grown in controlled conditions can be used for methodological improvements and in applied research 
programs all the year round.  
Field-grown materials are preferred by some research groups (Pauk et al., 2003; Chauhan and 
Khurana, 2011; Lantos et al., 2013; Zhao et al., 2015, 2017; Weigt et al., 2016, 2019; Lazaridou et al., 
2017). Generally, field-grown donor plants produce more tillers with bigger spikes, more anthers and 
microspores within anthers. Understandably, these facts increase the efficiency of anther culture (green 
plantlets/100 anthers). Large-scale production of DH lines can be synchronized by using field-grown 
materials in practical breeding.  
 
COLLECTION TIME OF DONOR PLANTS 
The developmental stage of the microspores is one of the most critical factors in the efficient induction 
of in vitro androgenesis. In anther- and isolated microspore culture of wheat, the process of microspore 
embryogenesis was induced and tracked to study the development, first cell divisions and embryo 
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formation of microspores (Indrianto et al., 2001; Datta, 2005; Shariatpanahi et al., 2006; Dwivedi et al., 
2015; Seldimirova et al., 2017; Niazian and Shariatpanahi, 2020). According to the published protocols 
of wheat anther culture, in vitro androgenesis can be induced in a narrow range of the developmental 
stages of microspores (uninucleate vacuolated microspores). From this viewpoint, possible differences 
can be observed among the published methods and protocols. In most publications, the donor tillers were 
collected when the microspores were at mid- to late uninucleate stages (Soriano et al., 2007, 2008; 
Broughton, 2008, 2011; Chauhan and Khurana, 2011; Redha and Suleman, 2011; Rubtsova et al., 2013; 
Sanchez-Diaz et al., 2013; Zhao et al., 2015; Castillo et al., 2015; Echávarri and Cistué, 2016; Weigt et 
al., 2016, 2019; Lazaridou et al., 2017; Broughton et al., 2020; Orlowska et al., 2020), while other 
researchers applied early- and mid uninucleate microspores for androgenesis induction in wheat anther 
culture (Datta and Wenzel, 1987; Pauk et al., 1991, 1995; Tuvesson et al., 2000, 2003; Datta, 2005; 
Lantos et al., 2013; Lantos and Pauk, 2016). According to our results, the second mentioned alternative 
is recommended for carrying out an efficient wheat anther culture (Pauk et al., 1991; Pauk et al., 1995; 
Lantos et al., 2013; Lantos and Pauk, 2016; Kanbar et al., 2020). 
 
PRE-TREATMENTS OF DONOR MATERIALS 
Stress pre-treatments play a key role in reprogramming of microspores towards the sporophyte pathway, 
which practically means induction of in vitro embryogenesis. In wheat, researchers have reported many 
stress factors which were applied for induction of androgenesis, including cold, heat, starvation, 
colchicine, osmotic shock, 2-HNA, DMSO, etc. (Liu et al., 2001; Barnabás, 2003; Shariatpanahi et al., 
2006; Echávarri and Cistué, 2016). However, the most frequently applied stress factors are cold, heat and 
starvation pre-treatment alone or in combinations. The optimal application and combination of stresses 
(cold, heat, etc.) are essential in androgenesis induction because too mild or excessive stresses can 
decrease the efficiency. The increased stresses can reduce the plant regeneration efficiency or enhance 
the frequency of albino plantlets (Niazian and Shariatpanahi, 2020). The applied stress treatments were 
implemented on tillers or isolated anthers directly. 
Cold pre-treatment of donor tillers offers the easiest way of reprogramming of microspores. In vitro 
androgenesis of microspores can be induced via long cold pre-treatment (2-5°C, 10 days - 4 weeks) of 
donor tillers (Pauk et al., 2003; Lantos et al., 2013; Lantos and Pauk, 2016; Coelho et al., 2018; Wang et 
al., 2019).  
Short cold pre-treatment (3-8 days, 4-6°C) can also be used for induction of androgenesis (Ghaemi 
et al., 1995; Broughton, 2008, 2011; Rubtsova et al., 2013; Zhao et al., 2015, 2017; Weigt et al., 2016, 
2019; Lazaridou et al., 2017; Sen, 2017). Furthermore, in vitro androgenesis was successfully induced 
also by starvation (alone or in combination with chemical treatments) of isolated anthers (Soriano et al., 
2007, 2008; Sanchez-Diaz et al., 2013; Castillo et al., 2015; Echávarri and Cistué, 2016). In anther culture 
of wheat genotypes, the combined application of mannitol and colchicine increased the number of green 
plantlets and DH plants depending on the genotype (Soriano et al., 2007), while the combinations of 
mannitol and DMSO pre-treatment have increased the number of embryoids, green plantlets and DH 
plants in comparison with starvation applied alone (Echavarri and Cistué, 2016). The pre-treatment of 
anthers is a time-consuming step, which can require more manual work in in vitro plant production.  
Heat treatment (3 days, 32 ˚C) of isolated anthers in anther culture is a frequently applied stress 
factor (Ouyang et al., 1983; Pauk et al., 2003; Shariatpanahi et al., 2006; Lantos et al., 2013; Lantos and 
Pauk, 2016), which enhances the efficiency of androgenesis induction.  
 
MEDIA COMPOSITION AND CULTURE CONDITION 
Many published induction media (AM, C17, P2, P4, LIM, W14, MS3M) can be found in different 
protocols which were applied successfully in anther culture of wheat. These media were supplemented 
dominantly with maltose (Hunter, 1987) as a carbon source and Ficoll as an osmotic agent (Datta and 
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Wenzel, 1987). Combinations of different growth regulators (2,4-D, benzyladenin, centrophenoxine, 
dicamba, indole-3-acetic acid, kinetin, etc.) were applied in the induction media (Pauk et al., 2003; 
Soriano et al., 2007; Broughton, 2008; Tuvesson et al., 2000; Ming-hui et al., 2011; Lantos et al., 2013; 
Rubtsova et al., 2013; Castillo et al., 2015; Weigt et al., 2016, 2019; Zhao et al., 2015, 2017; Orlowska 
et al., 2020).  
Recently, W14 (Ouyang et al., 1989; Lantos et al., 2013; Rubtsova et al., 2013; Lantos and Pauk, 
2016; Lazaridou et al., 2017; Zhao et al., 2017) and MS3M media (Soriano, 2007; Sanchez-Diaz et al., 
2013; Castillo et al., 2015; Echávarri and Cistué, 2016) have been used frequently in haploid experiments 
and wheat breeding programs. Modified W14 medium, which has a new name, W14mf synthetic 
medium, has been applied efficiently in our wheat research and breeding programs (Lantos et al., 2013, 
2018, 2019; Lantos and Pauk, 2016; Kanbar et al., 2020; Pauk et al., 2020). 
Some organic components (potato extract, wheat ovaries) were reported to enhance the efficiency of 
in vitro anther culture (Chuang et al., 1978; Datta and Wenzel, 1987; Brougton, 2008, 2011; Castillo et 
al., 2015; Sen, 2017; Broughton et al., 2020). Presumably, the active signal molecules of ovaries like 
nurse agents support the development of microspore-derived embryoids and plant regeneration (Zur et 
al., 2015; Niazian and Shariatpanahi, 2020). The ovary conditioned media were reported as an efficient 
induction medium for plant production in wheat (Soriano et al., 2007, 2008; Broughton, 2011; Sanchez-
Diaz, 2013; Castillo et al., 2015; Echávarri and Cistué, 2016). Preparation of these media is labor 
intensive, so more manual work should be calculated during the process. Furthermore, application of 
these components implies some effects, such as the genotype and developmental stage of ovaries, which 
influence the efficiency of the applied method (Castillo et al., 2015). Letarte et al. (2006) made significant 
efforts to clarify the effect of ovary co-culture, and they proved the positive effect of arabinogalactans 
and arabinogalactan proteins (AGPs) in induction of in vitro androgenesis of wheat (Letarte et al., 2006). 
The exogenous AGPs has positive influence on the first cell division and development of microspore-
derived embryoids (Broughton, 2008; Testillano, 2019), and plant regeneration in anther culture of barley 
(Makowska et al., 2017). In the improvement of induction media, it would be important to identify new 
chemicals which play a role in the microspore divisions, the development of multicellular structures and 
reduction of the stress induced cell death (Testillano, 2019; Weigt et al., 2019; Niazian and Shariatpanahi, 
2020). In anther- and isolated microspore culture of wheat, many experiments were implemented to 
enhance the induction of androgenesis via n-butanol, antioxidants, antibiotics and Trichostatin A 
(Soriano et al., 2008; Asif et al., 2013a, 2013b; Jiang et al., 2017; Wang et al., 2019; Niazian and 
Shariatpanahi, 2020). These approaches can open new perspectives for practical application in wheat 
breeding. 
The most frequently applied plant regeneration media are 190-2 (Tuvesson et al., 2000; Pauk et al., 
2003; Lantos et al., 2013; Lantos and Pauk, 2016; Lazaridou et al., 2017; Orlowska et al., 2020), J25-8 
(Soriano et al., 2007, 2008; Castillo et al., 2015; Echávarri and Cistué, 2016) and MS (Ming-hui et al., 
2011; Rubtsova et al., 2013; Zhao et al., 2015, 2017; Weigt et al., 2016, 2019) depending on different 
research groups. In the plant regeneration period, the embryoids are maintained at 22-26°C with 16 h 
photoperiod in a growing chamber and they regenerate green and albino plantlets in a different ratio.  
 
ALBINISM IN WHEAT IN VITRO ANDROGENESIS 
Albinism is a complex phenomenon influenced dominantly by each of the above-mentioned parameters. 
In the process of in vitro androgenesis induction of cereals, albinism is a particular biological 
phenomenon. Many valuable experiments were carried out to clarify the potential causes of the albinism 
(Torp et al., 2001; Kumari et al., 2009; Nielsen et al., 2015; Zhao et al., 2017). Different causes which 
can contribute to the phenomenon of albinism in combination with each other were identified; they 
include the genotype, growing condition of donor plants, culture conditions, media compositions, 
incompatibility of nuclear and plastid genomes, deletions or mutations in plastid DNA, up- and down-
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regulated genes and proteins, metabolic block in the pathways leading to chlorophyll biosynthesis  
(Kumari et al., 2009; Nielsen et al., 2015; Zhao et al., 2017; Coelho et al., 2019).  
Recently, albinism has been still mentioned as one of the main obstacles of anther culture in wheat 
in vitro androgenesis (Zhao et al., 2015, 2017; Wessels and Botes, 2014; Weigt et al., 2016; Orlowska et 
al., 2020). From the practical breeding viewpoint, the ratio of albino plantlets can be reduced step by step 
by optimization of the above mentioned parameters except the genotype of breeding materials, and well-
established protocols can be applied efficiently in wheat breeding and research programs (Pauk et al., 
2003; Lantos et al., 2013; Castillo et al., 2015; Echávarri and Cistué, 2016; Weigt et al., 2019; Orlowska 
et al., 2020).  
 
GREEN PLANTLETS PRODUCTION IN WHEAT AS A RESULT OF IN VITRO ANDROGENESIS 
The genotype dependency still exists in wheat androgenesis, with the green plantlets production 
ranging from 0 to 325 green plantlets/spike (Castillo et al., 2015; Echavarri and Chistue, 2016; Weigt et 
al., 2019; Wang et al., 2019; Broughton et al., 2020; Orlowska et al., 2020). Nevertheless, significant 
progresses have been achieved by application of certain improved protocols resulting in mitigation of the 
obstacle of genotype dependency (Broughton et al., 2008, 2011, 2020; Soriano et al., 2008; Lantos et al., 
2013; Echavarri and Chistue, 2016; Wang et al., 2019; Broughton et al., 2020). The forecast of green 
plantlets production of wheat breeding materials is difficult due to different methodologies and 
responsivity of genepools. In the last decade, some studies screened a wide range of breeding materials 
to check the efficiency of different protocols in practical breeding, and the mean of green plantlets 
production ranged from 2.00 to 9.76 green plantlets/100 anthers depending on the applied protocols and 
breeding materials (Lantos et al., 2013, 2016; Weigt et al., 2019, 2020; Kanbar et al., 2020). Recently, 
the improved methods have been widely applied in wheat breeding programs (Lantos et al., 2013; 
Echavarri and Chistue, 2016; Wang et al., 2019; Broughton et al., 2020; Pauk et al., 2020). 
 
DOUBLED HAPLOIDS 
In in vitro plant production methods of crop plants, the number of DH plants is the most important 
parameter which characterizes the practical application of the methods. In common wheat, most of the 
applied protocols focused on spontaneous doubling of the haploid chromosome set because of a high 
percentage (17%-80% depending on genotype) of this phenomenon (Soriano et al., 2007, 2008; 
Broughton, 2008, 2011; Lantos and Pauk, 2016; Weigt et al., 2019; Broughton, 2020). The number of 
DH plants can be further increased by in vivo or in vitro application of colchicine or other chemicals such 
as amiprophosmethyl, caffeine and triflurain (Barnabás et al., 1991, 2003; Hansen and Andersen, 1998; 
Pauk et al., 2003; Soriano et al., 2007; Broughton et al., 2020). 
 
CONCLUSION 
In the last forty years, many experiments have been carried out to clarify the above mentioned critical 
points of anther culture (genotype, growing conditions, collection time, etc.) and to diminish the 
mentioned obstacles (genotype dependency, albinism, limited green plantlets production). Due to these 
achievements, the anther culture method has become a usable method for wheat breeding and applied 
research. Recently, the methodological experiments have focused on further improvements of cost 
efficiency and mitigation of genotype dependency. 
The additive components (inducer chemicals, antioxidants, antibiotics, plant growth regulators, 
polyamines, epigenetic chemicals) of induction medium can play a key role in the enhancement of in 
vitro androgenesis via increasing the frequency of cell divisions, embryo formation, and reduction of the 
stress-induced cell death. Furthermore, in vivo and in vitro application of antimitotic agents can increase 
the number of DH plants, which is the most important parameter from a practical viewpoint of breeding 
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and applied research. These approaches can open new perspectives to improve genotype independent 
methods for wheat research and wheat breeding.  
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